continue throughout this period of infection. The early period of adenovirus infection was marked by an inhibition of transcription of histone genes that accompanied the reduction in rate of HeLa cell DNA synthesis. These results suggest that the adenovirus-induced inhibition of histone gene expression is mediated in part at the transcriptional level. However, the persistence of histone mRNA species at concentrations comparable to those of mock-infected control cells during the early phase of the infection, despite a reduction in histone gene transcription and histone protein synthesis, implies that histone gene expression is also regulated posttranscriptionally in adenovirus-infected cells. These results suggest that the tight coupling between histone mRNA concentrations and the rate of cellular DNA synthesis, observed when DNA replication is inhibited by a variety of drugs, is not maintained after adenovirus infection.
Infection of human cells by adenovirus results in a complex and interdependent series of biochemical and molecular events leading to production of progeny virus. Our understanding of the expression of virus-encoded genes is% well established (see references 14, 47 , and 50 for reviews), but far less is known about the molecular mechanisms that permit the virus to usurp the biosynthetic machinery of the host cell, ultimately causing its death (S. J. Flint in H. Fraenkel-Conrat and R. R. Wagner, ed., Comprehensive Virology, in press). Such mechanisms include the selective translation of viral mRNA species during the late phase of infection, mediated at least in part by VA-RNA, (48) , and the inhibition of appearance in the cytoplasm of newly synthesized cellular mRNA sequences (3, 5, 11, 16, 55) . Neither transcription nor processing of cellular pre-mRNA has been observed to be inhibited during the late phase of adenovirus infection. These observations imply that adenovirus infection disrupts some late, nonenzymatic processing step in the production of mature, cellular mRNA species within the nucleus or their translocation to the cytoplasm (Flint, in press ). Studies of the expression of individual cellular genes in adenovirus-infected cells have, to date, been limited to those whose transcripts are subject to extensive processing, including the creation of mature polyadenylated 3' termini and splicing to remove intervening sequences. It was, therefore, of some interest to examine the effects of adenovirus infection upon expression of mRNA species that do not undergo extensive post-transcriptional modifications, such as histone mRNAs.
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Structural analysis of human histone genes has indicated that they are anatomically and functionally uncomplicated, lacking intervening sequences and polyadenylate tracts (10, 20, 40, 41) . Moreover, histone mRNA species can be found in functional form in polyribosomes within minutes of transcription of histone genes (reviewed in reference 46). Expression of most (1, 4, 6, 7, 9, 13, 20-22, 24, 32, 36, 38, 39, 42, 44, 45) , though not all (12, 18, 26, 53) , histone genes has been shown to be temporally and functionally coupled to DNA replication. Adenovirus infection of permissive cells induces complete, and quite rapid, inhibition of cellular DNA synthesis, concomitant with the initiation and acceleration of viral DNA replication (17, 23 Infection and labeling of HeLa cells. Large (2-to 6-liter) cultures of actively growing HeLa cells were concentrated to 1/10 the initial culture volume and infected with Ad2 at 50 or 100 PFU per cell. After adsorption at 37°C for 1 h, infected cultures were diluted to the original volume with fresh SMEM supplemented with 2% calf serum and 2 mM glutamine. Portions of the culture were withdrawn after concentration but before infection and after various periods of incubation at 37°C, as indicated in the figure legends.
Uninfected and infected cells were labeled after 10-fold concentration with 20 p.Ci of [3H]leucine (40 to (50 ,ug) were resolved electrophoretically in a 1.5% (wt/vol) agarose gel containing 6% (wt/vol) formaldehyde as described previously (37) denatured E. coli DNA per ml). Filters were washed and eluted before hybridization as described below. After preequilibration with hybridization buffer for 60 min, filters were hybridized at 45°C for 20 h with 200 Rl of hybridization buffer containing 0.75 mg of 3H-labeled total cellular RNA per ml. Filters were then washed with 0.5 ml of each of the following solutions for 10 min: (i) twice with hybridization buffer at 50°C; (ii) twice with 0.5 M NaCI-1 mM EDTA-25 mM HEPES (pH 7.0)-0.5% (wt/vol) SDS at room temperature; (iii) three times with 0.1x SSC-0.5% (wt/vol) SDS at 60°C; (iv) three times with 10 mM HEPES (pH 7.0) at room temperature. RNA was eluted three times with 100 RI of 90% formamide-0.5 M NaCI-1 mM EDTA-25 mM HEPES (pH 7.0) at 72°C for 5 min. The pooled eluates were diluted by adding 1 volume of a solution containing 0.2 M NaCl and 0.34 ,ug of yeast tRNA per ml and ethanol precipitated at -70°C. The RNA was recovered by centrifugation and electrophoretically resolved on 6% (wt/vol) polyacrylamide-50% (wt/vol) urea gels electrophoresed with a surface temperature of 50 to 60°C as described by Plumb et al. (34) . Gels were soaked in En3Hance (New England Nuclear) for 1 h and then in water for 1 h and dried for fluorography with preflashed XAR5 X-ray film at -70°C for 3 to 80 days.
Transcription in isolated nuclei. Nuclei were isolated from 108 mock-or Ad2-infected HeLa cells as described previously (54) . Isolated nuclei were counted, and equal numbers from each batch of cells were incubated at 37°C for 30 min in 1 ml of 0.03 M Tris-hydrochloride containing 5 mM MgCI2, 1 mM MnCI2, 0.07 M (NH4)2504, 2 mM dithiothreitol', 25% (wt/vol) glycerol, 1 mM ATP, 0.25 mM each of CTP and UTP, and 100 ,uCi of [a-32P]GTP (760 Ci/mmol; New England Nuclear). At the end of the reaction, nuclei were lysed by addition of NaCl to 0.5 M and RNA purified after digestion with DNase I (electrophoretically purified, Worthington Diagnostics) as described above. After ethanol precipitation, the RNA was collected, dissolved in 0.5 ml of 0.01 M Tris-hydrochloride (pH 7.4) containing 2 mM EDTA, heated at 70°C for 10 min, and hybridized to nitrocellulose filters to which restriction endonuclease fragments of Ad2 DNA or human histone DNA had been transferred by the method of Southern (43) . Prehybridization and hybridization were at 68°C as described previously (16) . After hybridization, the filters were washed twice in 2x SSC at 65°C and then incubated with 25 ,g of RNase A at 25°C for 30 min.
The filters were rinsed at room temperature with several changes of 2x SSC, air dried, and exposed to Kodak X/AR or X/RP film at room temperature.
Hybridization of labeled DNA to Ad2 DNA. Nitrocellulose filters carrying 0.5 to 10 ,ug of denatured Ad2 DNA or 2 jig of denatured pBR322 DNA were prepared as described above. Filters were prehybridized in 0.01 M Tris-hydrochloride (pH 7.4) containing 1 mM EDTA, 12.5 mM sodium PP1, 1 M and placed in individual vials containing 1 ml of a hybridization solution identical to that used during prehybridization except that the concentrations of Denhardt solution and salmon sperm DNA were reduced to 2.5x and 10 ,ug/ml, respectively. Total DNA was purified (by the method of Botchan et al. [8] ) from uninfected or infected cells that had been labeled with [3H]thymidine. After ethanol precipitation, the DNA was collected and dissolved in a small volume of 0.01 M Tris-hydrochloride (pH 7.4) containing 1 mM EDTA. Equal amounts of labeled DNA from each batch of cells were then hybridized, after denaturation in 0.3 M NaOH at 37°C for 15 Analysis of proteins synthesized in Ad2-infected cells. Preparation of nuclear and cytoplasmic extracts of samples of cells harvested before or after various periods of infection, electrophoretic separation of proteins, and fluorography were performed as described previously (5, 11) . RESULTS Levels of histone mRNA species in Ad2-infected HeLa S3 cells. Initially, the steady-state concentrations of core (H2A, H2B, H3, and H4) histone mRNA species were examined in adenovirus-infected HeLa cells to investigate the nature of any Ad2-induced perturbation of histone gene expression. (10, 40, 41) . (B) Northern blot analysis of total cellular H2A, H2B, and H4 histone mRNAs isolated from adenovirus and mock-infected HeLa cells. Samples (25 and 50 pLg) of total cellular RNA from mock-infected and adenovirus-infected HeLa cells were fractionated electrophoretically in 1.5% (wt/vol) aragose-6% (wt/vol) formaldehyde gels and transferred to nitrocellulose. Filters were hybridized to 32P-labeled (nick-translated) human histone DNA (H2A + H2B [pFF435B] and H4 [pFO108A]) and hybrids were visualized by autoradiography. Analysis of the total cellular RNAs indicated that yields were greater than 90% in all samples, circumventing uncertaintities in quantitation because of loss or redistribution of RNA that can occur during purification, for example, through nuclease activity. (C) Northern blot analysis of total cellular, nuclear, and cytoplasmic H4 histone mRNAs isolated from adenovirus and mock-infected HeLa cells. Samples (50 jig) of nuclear, cytoplasmic, or total cellular RNA from mock-infected and adenovirus-infected HeLa cells were fractionated electrophoretically in 1.5% (wt/vol) agarose-6% (wt/vol) formaldehyde gels and transferred to nitrocellulose. Filters were hybridized to 32P-labeled (nick-translated) human H4 histone DNA (pFO108A), and hybrids were visualized by autoradiography. (D) Northern blot analysis of total cellular H3 histone mRNAs isolated from adenovirus-and mock-infected HeLa cells. Samples (50 ,ug) of total cellular RNA from mock-infected and adenovirus-infected HeLa cells were fractionated electrophoretically in 1.5% (wt/vol) agarose-6% (wt/vol) formaldehyde gels and transferred to nitrocellulose. Filters were hybridized to 32P-labeled (nicktranslated) human H3 histone DNA (pFF435C), and hybrids were visualized by autoradiography. Total cellular RNA was prepared from uninfected and Ad2-infected HeLa cells harvested 18 h after infection, fractionated electrophoretically, transferred to nitrocellulose, and hybridized to 32P-labeled cloned human histone genes (Fig.  lA) . The results of one such experiment are shown in Fig. 1 (panels B to D). Quantitation (see above) of these and similar RNA blots established that the concentrations of the core histone mRNA species were reduced coordinately to 90% of the control value by 18 h after infection. Cellular DNA synthesis was also inhibited to 90% or greater under these conditions of infection (see, for example, Fig. 3) .
The drastic reductions in steady-state concentrations of total core histone mRNA species during the late phase of adenovirus infection (Fig. 1B and D) were in marked contrast to previous observations: seven human mRNA species, including those encoding actin, tubulin and dihydrofolate reductase, have been reported to be unchanged or only slightly decreased in concentration during the late phase of adenovirus infection of HeLa cells (3, 55 ; unpublished data). Simian virus 40 early cytoplasmic mRNA species made in simian virus 40-transformed human cells were, however, also reduced to barely detectable steady-state levels after Ad2 infection, a response that reflects inhibition of appearance in the cytoplasm of newly synthesized simian virus 40 mRNA and the short turnover time (40 to 60 min) of these sequences in uninfected cells (16) . To investigate whether the low concentrations of total core histone mRNA species (Fig. 1) were the result of a similar phenomenon, the levels of nuclear and cytoplasmic species were compared. Both the nuclear and cytoplasmic representation of histone mRNA species declined 90% in infected cells compared with mockinfected cells (Fig. 1C) . Such a loss of nuclear histone RNA species after adenovirus infection must reflect a virusinduced perturbation of some early step in histone mRNA biogenesis.
HeLa cells that had not been infected with Ad2 exhibited virtually unchanged concentrations of total histone mRNA species throughout an 18-h period (Fig. 2) , demonstrating that the reduced concentrations shown in Fig. 1 tides from an independent experiment is shown in the insert in Fig. 3B to illustrate the synthesis of virus-specific proteins and inhibition of synthesis of other cellular proteins. During the early phase of infection, the only prominent viral polypeptide that could be detected was the 72-kilodalton DNAbinding protein encoded by region E2A (27, 28) , whereas the late phase was characterized by the synthesis of large quantities of viral structural polypeptides and their accumulation within the nucleus.
In all experiments we performed, inhibition of histone synthesis was progressive and occurred at the same rate as the inhibition of other cellular proteins, as also observed (5) in previous, less detailed studies. Not surprisingly, inhibition was more rapid in cells infected at higher multiplicities of virus. However, inhibition of histone protein synthesis did not exactly parallel the inhibition of cellular DNA synthesis ( Fig. 3A and B The expression of two adenoviral genes was examined by run-off transcription in isolated nuclei purified from nuclei harvested after increasing intervals of infection. The 32p_ labeled RNA was hybridized to nitrocellulose filters to which cloned restriction endonuclease fragments of Ad2 DNA had been transferred, and the hybridization was quantitated by densitometry. The results obtained are illustrated with 12-h RNA in the insert in Fig. 4 . Transcription of ElA sequences, assayed by hybridization to HpaI fragment E (0 to 4.36 map units), could be detected at the earliest period examined, 4 h after infection (Fig. 4) . At (Fig. SB) ; Hi (pFNC16) + H3 (pFF435C) (Fig. SC) though an adenovirus-induced decrease in the representation of histone mRNA species was observed, reduction of histone mRNA levels was not as rapid as the inhibition of either cellular DNA or histone protein synthesis. For example, at 8 h after infection, histone protein and cellular DNA synthesis were reduced to ca. 60 to 70% and 55%, respectively, of the levels observed in mock-infected cells (Fig. 3) , whereas a significant reduction in core or Hi histone mRNA concentration was not observed at this time (Fig. 5D) . Rather, histone mRNA levels first decreased at 12 h after infection and by 21 h were reduced to approximately the levels observed when HeLa cell DNA replication had been blocked by hydroxyurea (Fig. 5A through C) . Multiple histone mRNA subspecies which are encoded in different genes have been identified in HeLa cells (29, 30) and sea urchins (19) . Coordinate regulation of multiple HeLa S3 cell core histone mRNAs, mediated both transcriptionally and post-transcriptionally, has been observed during the cell cycle (4, 21, 34, 35 (50 ,ug per filter). The RNA was eluted, resolved by electrophoresis in denaturing polyacrylamide gels, and visualized by fluorography (34) . More than 13 histone mRNA subspecies representing the four core histone gene families were detected in mock-infected cells (Fig. 6) . Adenovirus infection induced no qualitative differences in these subspecies and the synthesis of all was coordinately inhibited beginning 8 to 12 h after infection.
To investigate further the influence of adenovirus infection on expression of histone genes, nuclei were isolated from mock-infected HeLa cells and from cells 4, 8, 12, 17 , and 21 h after infection and permitted to complete transcription in vitro as described above. The radiolabeled transcripts were hybridized to nitrocellulose filters to which human histone DNA fragments had been transferred after electrophoretic fractionation. Adenovirus infection induced an inhibition of histone gene transcription (Fig. 7A) . The time course and extent of inhibition of transcription were not significantly different from those observed for virus-induced inhibition of HeLa cell DNA synthesis (compare Fig. 7B and  3A) . DISCUSSION
We have presented evidence that Ad2 infection of HeLa cells induces profound inhibition of histone gene expression; the influence of infection on several parameters of histone gene expression is summarized in Fig. 8 histone genes may be transcriptionally mediated. However, the maintenance of unaltered levels of histone mRNA species until 8 h after infection, when histone transcription as well as histone protein synthesis are significantly reduced, suggests that histone gene expression is also regulated posttranscriptionally in adenovirus-infected cells.
The availability of histone mRNA does not appear to be the primary factor limiting the ability of adenovirus-infected HeLa cells to synthesize histone proteins (Fig. 8) . Moreover, the assessment of the levels of a series of histone mRNA subspecies (Fig. 6) (Fig. 5) ; A, histone protein synthesis (Fig. 3B) ; 0, cellular DNA synthesis (Fig. 3A) ; *, histone transcription in isolated nuclei (Fig. 7) . constrast, transcription of histone genes is quite rapidly inhibited from 4 h after infection (Fig. 7) . The only other similar phenomenon reported is a sharp decrease in the transcription of a human heat-shock gene during a period of Ad2 infection that probably also corresponds to the onset of the late phase of infection (25) . Human histone genes contain no intervening sequences and their transcripts are not polyadenylated (46) . Production of functional histone mRNA species therefore requires a minimal amount of processing, and the mRNA species rapidly appear in polyribosomes as functional templates for synthesis of histone polypeptides (46) . Nevertheless, it seems unlikely that these properties of histone RNAs can account for the different mechanisms of adenovirus-induced inhibition of expression of histone compared with other cellular genes, because it has been concluded that transcripts of other cellular genes that are restricted to the nucleus during the late phase of infection are fully processed (3, Nevertheless, the data presented here also suggest that there may be differences in the mechanism(s) whereby histone gene expression is prevented in adenovirus-infected cells compared with the inhibition induced when cellular DNA replication is blocked by such drugs as hydroxyurea, cytosine arabinoside, methotrexate, or aphidiolin. It is well established that exposure of cells to these inhibitors brings about a rapid, dose-dependent coordinate inhibition of core and Hi histone RNA and protein synthesis, as well as a concomitant destabilization of core and Hi histone mRNA species (1, 4, 6, 7, 9, 13. 20-22, 24, 32-36, 38, 39, 42, 44, 45) .
By contrast, histone mRNA species persist in adenovirusinfected cells during the early period of inhibition of histone gene transcription and of histone protein and cellular DNA (Fig. 8) . This result may be indicative of an uncoupling of the molecular events that in uninfected cells are the foundation of the tempQral and functional relationship between histone gene expression and DNA replication.
